The polyomavirus enhancer is separated from the early RNA initiation sites by a 120 bp promoter region. To identify the core promoter elements, we introduced base-substitution mutations within the potential elements in the vicinity of the RNA initiation site. Three of these mutants, two with mutations within a putative nuclear factor-1 (NF-1) binding site and the other within the TATA box, exhibited reduced promoter activity by about threefold in the mouse NIH 3T3 cell line. The activity of the other three mutants was either little affected or remained unchanged. Mobility shift assays using specific competitors and antibodies against NF-1 demonstrated the binding of a protein of the NF-1 family at a site adjacent to the TATA box, suggesting a role for NF-1 binding in early promoter function. The effect of these mutations was also evaluated in undifferentiated mouse embryonal carcinoma (F9) cells in the presence of an additional mutation (F441) at nucleotide position 5233. This additional mutation creates a strong binding site for a transcription factor, TEF-1, and helps the virus to grow in this cell line. While the TATA box and the GC box mutants behaved qualitatively in a similar fashion, the NF-1 motif now played a minor role in F9 cells. Western blot experiments demonstrated low levels of NF-1 protein in this cell line. The NF-1 motif partially overlaps a T-antigen binding motif and this motif is not involved in T-antigen-mediated regulation of the early promoter. Our results suggest that a protein of the NF-1 family binds to the core promoter and is important for early transcription in vivo. We further demonstrate that undifferentiated F9 cells contain a very low level of NF-1 and the F441 mutant possibly follows a different mechanism for promoter function in these cells.
Introduction
The transcription units of the well defined papovaviruses such as simian virus 40 (SV40) and polyomavirus (Py) have served as an excellent model in understanding the mechanisms of gene regulation in mammalian cells. In Py, the enhancer is contained within a 241 bp BcII-PvuII fragment extended from nucleotide positions (np) 5021 to 5262 (de Villers & Schaffner, 1981; de ViUers et al., 1982; Veldman et al., 1985) . This fragment contains two distinct cell type-specific enhancers, A and B (Herbomel et al., 1984) . The A enhancer is about three-to fourfold more active than the B enhancer in mouse fibroblast cells. The activity decreases by about threefold in undifferentiated (UD) mouse embryonal carcinoma cell lines (F9) probably due to the absence of the positive activators such as PEA1 (Kryszke et al., 1987) . The B enhancer remains equally active in this cell line. A single base substitution at nucleotide position 5233 that enables the virus to grow in F9(UD) cells increases the efficiency of the B enhancer several-fold by the creation of a high affinity binding site for the transcription factor TEF-1 (Fujimura et al., 1981 ; Herbomel et al., 1984; Kovesdi et al., 1987; Davidson et al., 1988; DasGupta et al., 1993) . Although the SV40 enhancer is capable of activating early genes even when the 21 bp repeats and the TATA box are deleted (Benoit & Chambon, 1981 ; Fromm & Berg, 1982) , the importance of the core promoter elements comprising the Spl and large T antigen (LT) binding sites has been clearly demonstrated (Baty et al., 1984; Corden et al., 1980; Gidoni et al., 1985; .
Previous analyses of the Py early promoter were mostly based on large deletions, and the results were therefore difficult to interpret. The elements of the core promoter need to be characterized by a fine mutational analysis, which will also help to elucidate how the enhancer action is mediated in fibroblasts as well as in F9(UD) cells.
In the present study, we carried out mutational and biochemical analyses of the core promoter region proximal to the TATA box. Our results demonstrate that a nuclear factor(s) of the adenovirus NF-1 family bind near to the TATA box and both the TATA box and this element are important components for the early promoter. In F9(UD) cells, which contain a low level of this protein, the NF-1 motif plays a minor role and an alternative mechanism is probably operative in the growth of the 1=441 mutant virus.
Methods
Plasmids and DNAs. The vector pAOPCATT WT, provided by F. Fujimura, was used to determine the early promoter activity by a chloramphenicol acetyltransferase (CAT) assay . The expression vector for the LT, pPy LT-1 (Zhu et al., 1984) , was kindly provided by R. Kamen. All plasmid DNAs used in transfection experiments were prepared using an ion-exchange column (Qiagen).
Oligonucleotides and antibodies. All oligonucteotides were synthesized in a Biosearch 8750 DNA synthesizer and were purified using Oligopak columns (Millipore). The sequences of the sense strand of each oligonucleotide were: NF-1, 5' TTTTGGCTTGAAGCCAATA-TGA3' (Nagata et al., 1983; Jones et al., 1987) ; PY12, 5' GCTGTGGGGCCACCCAAATTG 3'; m-PY12, 5' GCTGCAAG-GCCACATGAATTG 3'; C/EBP, 5' ATCAAGCTGCAGATTGCG-CAATCTGCAGCTT 3' (Johnson & McKnight, 1989) ; EBP-1, 5' GT-GGAAAGTCCCCAG 3' (Clark et al., 1988) ; CP1, 5' CTACACCTA-TAAACCAATCACCT 3' (Chodosh et al., 1988) ; CP2, 5' TGACCA-GTTCCAGCCACTCTTTA3' (Chodosh et al., 1988) ; GT-IIC, 5' AACTGACACACATTCCACAGCTG 3' (Davidson et al., 1988) ; F9 oligo, 5' CCTCTCCACCCAGGCCTGGAATGTTTCCACCCA-ATCAT 3" (DasGupta et al., 1993) . The adenovirus NF-1 binding site and the mutant defective in NF-1 binding were purified from the plasmids pBK66 and pUpm26/57 respectively . The antibody against NF-1 was a gift from P. Van der Vliet, and has been previously characterized (Mul & Van der Vliet, 1992) .
Construction of mutants.
Site-directed mutagenesis was carried out following the method of Kunkel (1983) . The HindlII-XhoI fragment of the Py enhancer/promoter from pAOPCATT WT was first cloned in pBluescript SK+ (Stratagene). The KpnIHindlII fragment containing the enhancer/promoter region from the resulting plasmid was recloned in the M13 mpl8 bacteriophage and was used as a template for the construction of the mutants. The oligonucleotide primers synthesized chemically with mismatched bases were used for mutagenesis. Mutations were confirmed by DNA sequencing using the dideoxynucleotide chain termination method. The mutant HindII1-Xhol fragment from replicating vector M13 mpl8 templates was recloned into the parent vector for functional studies.
Cell lines, transfection and CAT assay. NIH 3T3 mouse fibroblast cells and Py-transformed NIH 3T3 cells (WOP) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5 % newborn calf serum and 5 % fetal bovine serum (FBS). F9 cells were grown in culture dishes coated with 0.1% gelatin in DMEM supplemented with 10% FBS. Subconfluent monolayers were transfected with 10 gg of the reporter plasmid DNA containing the bacterial CAT gene, using the calcium phosphate precipitation method (Gorman et al., 1982) . After 30 to 36 h, cells were harvested and cellular extracts were prepared by sonication. The protein concentration of each extract was determined in duplicate (Bradford, 1976) . In each set of experiments, the CAT assay was performed using the same amounts of proteins. Extracts from F9 and WOP cells were prepared as described before (DasGupta et al., 1993) , heated at 65 °C for 10 min and clarified by centrifugation. Since the absolute values in the CAT assay varied from experiment to experiment, plates were always tranfected in duplicate to establish a pattern of variation. To ensure reproducibility, the transfection experiment was repeated for each construct with two or more batches of independent DNA preparations. Therefore CAT activity is reported here as the mean of two or more observations. Primer extension analysis'. For mapping the 5' end of the RNA synthesized from the CAT construct in vivo, a short single-stranded synthetic primer of 20 nucleotides, corresponding to the coding sequence of the CAT gene in the 5" region, was labelled with [y-~2P]ATP using T4 polynucleotide kinase. RNA that included a poly(A) sequence was isolated using an oligo-dT kit and TRI reagent (Molecular Research Center, Cincinnati, Ohio, U.S.A.). Approximately 2 lag of RNA was hybridized with the labelled primer overnight at 42 °C in 0.4 M-NaCI, 40 mM-PIPES pH 6.4 and 1 mM-EDTA containing 80 % formamide (Sambrook et al., 1989) . After hybridization, the DNA RNA hybrid was recovered by precipitation with ethanol, cDNA was synthesized at 37 °C for 1 h as descirbed by Chakraborty & Das (1989) . DNA was recovered by precipitation with ethanol and analysed by urea-PAGE.
Preparation of nuclear extracts. Nuclear extracts from a small quantity of cells were prepared following essentially the same procedure as described by Dignam et al. (1983) and Finocchiaro et al. (1991) . Briefly, F9 and NIH 3T3 cells were washed twice with PBS. The packed-cell volume (PCV) of the pellet was measured and the cells were resuspended in five PCVS of hypotonic buffer (10 mM-HEPES pH 7-9, --0"75 mM-spermidine, 0-15 mM-spermine, 10 mM-KCI, 0.1 mM-EDTA, 0-1 mM-EGTA, 1 mM-PMSF, 1 mM-DTT and 2 m~-benzamidine). The cells were allowed to swell for 10 min and then pelleted at 4 °C. The buffer was decanted and two PCVs of fresh hypotonic buffer was added. The cells were then homogenized in a Dounce homogenizer using a type B pestle resulting in about 95 % cell breakage. Immediately, 0 1 PCV of sucrose restoration buffer containing nine parts of 95 % sucrose and one part of 10 x salts (500 m~I-HEPES pH 7-9, 7.5 mMspermidine, 15 mM-spermine, 100 mM-KC1, 1 mM-EDTA, 1 mM-EGTA, 1 mM-PMSF, 10 mM-DTT and 20 mM-benzamidine) was added to the homogenate and mixed with 10 to 20 strokes of the pestle. The homogenate was centrifuged for 20 s at 4 °C. The pellet was resuspended in one PCV of nuclear extraction buffer (20 mM-HEPES pH 7-9, containing 0.75mM-spermidine, 0-15 mM-spermine, 10 mM-KC1, 0"2 mM-EDTA, 2 mM-EGTA, 1 mM-PMSF, 2 mM-DTT, 2 mMbenzamidine and 0-4 M-NaC1) and kept on ice for 15 rain before being centrifuged at 8000 r.p.m, for 5 min. The supernatant containing nuclear proteins was carefully removed and frozen in aliquots at -70 °C.
Electrophoretic mobility shift assays. The Py core promoter contained in a HindIII-XhoI fragment was purified from the plasmid pAOPCATT. It was digested with BglI and the smaller BglI-HindIII fragment was used for DNA binding assays. Other probes were synthesized chemically. The probes (0-5 to 1.0 ng with asp. act. of approximately 20000 c.p.m./ng) were incubated with 3 to 5 lag of nuclear proteins from the cells being investigated, after a 15 min preincubation of the extract with 1 lag of poly(dI-dC). The binding reaction (20 lal) was carried out in 10 mM-HEPES pH 7.9, 50 mM-NaC1, 1 mM-DTT, 0.1 mM-EDTA, containing 10% glycerol, at room temperature for 15 rain. For competition experiments, unlabelled double-stranded oligonucleotides were added to the binding reaction before the addition of the labelled probe. When antibodies were used in mobility shift assays, incubation with the antibody was carried out for 30 min on ice followed by the addition of labelled probe. DNA-protein complexes were separated from protein-free DNA by electrophoresis in a 5 % polyacrylamide gel in 0.25 x TBE (25 mM-Tris-borate, 0.5 mM-EDTA pH 8.3) at 200 V for 2 h (Chakraborty & Das, 1989; Garner & Revzin, 1981) .
U.v. cross-linking experiments.
DNA-protein complexes were formed in small ELISA plates under the same conditions as those for the mobility shift assays. These complexes were cross-linked by irradiation with u.v. light for 8 min at 254 nm using a UV Stratalinker 2000 (Stratagene). After irradiation, an equal volume of 2 × SDS gel loading buffer was added and the mixture was run on a 10% SDS- Western blot analysis of proteins. Crude nuclear extracts containing 25, 50 and 75 gg of proteins were denatured in gel loading buffer and separated by 10% SDS-PAGE. Proteins were electroblotted onto a nitrocellulose membrane (NCP BA 85 ; Schleicher & Schuell) according to the standard protocol (Towbin et al., 1979) . The membrane was probed at room temperature overnight with the NF-I antibody diluted 1 : 5000 in 1 x PBS. The blot was subsequently probed with a goat antirabbit lgG antibody conjugated to alkaline phosphatase and then developed with 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT).
Results

Functional activity of the core promoter mutants
To identify the core promoter elements, we introduced multiple base substitution mutations within the potential regulatory elements and studied the effect of mutations using the constructs pAOPCATT WT and pAOPCATT F441 as described by . These constructs contain the regulatory region of Py from BclI to BstXI (nucleotide positions 5021 to 165 in the A2 strain), the latter construct having an F441 mutation at position 5233. The fragments with site-specific mutations were recloned in the early orientation to transcribe the bacterial CAT gene. The sites of mutations include the potential Spl binding site, NF-l-like motif, pentameric LT recognition motifs, and the TATA box (Fig. 1) . These sites are located within the high affinity LT binding sites, B and C.
The CAT activities of the mutants are shown in Fig.  2(a) . In NIH 3T3 cells, mutants M1 and M2, which contain mutations in individual half sites of the putative NF-1 motif, showed an activity of about 30% of the wild-type. The TATA box mutant M3 also showed a similar activity, whereas the activity of M4 remained essentially unchanged. The mutation in M5, within a GC box-like sequence at or very close to the RNA initiation site, reduced the activity by about 30 %. A 50 % increase was observed for M6 in which an upstream TGG motif was mutated. Although these results confirm the role of the TATA box in gene transcription in general, they suggest an important role for the NF-l-like motif in Py transcription.
Since the wild-type virus can not grow in undifferentiated cells, whereas an F441 mutation with a single base substitution at nucleotide position 5233 can overcome this blockage, the same mutation in the F441 background was introduced to study the effects in UD cells. Mutants M1 and M2 were much less affected in F9 cells compared to NIH 3T3 cells (Fig. 2b) . Mutation in the TATA box had a more drastic effect in the F9 cell line and the M5 mutant was affected to the same extent as in NIH 3T3 cells. The behaviour of the M4 and M6 mutants in F9 cells was different. These showed an approximately 40 % and 60 % decrease in activity respectively. These results, taken together, suggest that the binding site of NF-1 is more important in NIH 3T3 cells than in F9 cells, but the mutation in the TATA box affects the promoter activity in F9 cells in a more severe manner.
Mapping of the 5" end of RNA
Previous studies showed that viable mutants containing various deletions in the early promoter did not affect promoter activity and in some cases produced mRNAs with shifted 5' ends (Bendig & Folk, 1979; Kamen et al., 1982; Dailey & Basilico, 1985) . We therefore investigated whether mutants with decreased promoter activity utilized the same initiation site as the wild-type RNA. A
,
(a) Fig. 2 . Promoter activity of the mutants. NIH 3T3 cells (a) and F9 cells (b) were transfected with 10 gg of WT and mutant templates and the cell extracts were assayed for CAT activity (see Methods). Equal amounts of protein were assayed for each sample. Percentage CAT activity was derived from the percentage of chloramphenicol converted to its acetylated form and the values were normalized with respect to the WT. 20-mer oligonucleotide using the sequence of the 5' region of the C A T gene was synthesized and used as a primer for reverse transcription. R N A was prepared from N I H 3T3 cells transfected individually with the wild-type and three of the mutants (M1, M2 and M3), and was analysed by using the primer extension technique. Fig. 3 shows that the largest c D N A obtained from each R N A sample was about 90 nucleotides in length. In addition to this major band, there are two clusters of minor bands with lower MrS present in all the lanes. Although the exact initiation sites were not identified at the nucleotide level, they correspond well to the initiation sites utilized by the virus. Densitometric scanning of the major initiation site revealed that the level of R N A synthesis was about two-to threefold less in the three mutants tested. These results suggest that the mutations in the NF-1 motif (M1 and M2) and in the T A T A box (M3) affect early gene expression at the level of transcription initiation which strongly supports the C A T assay data.
Protein binding to the core promoter region
The interaction o f transcription factors with the core promoter was analysed by mobility shift assay. A BglI-HindIII fragment, which contains all the sites o f mutation, was used as a probe and complexed with nuclear extracts from N I H 3T3 cells. The results presented in Fig. 4(a) showed that a single specific complex was formed with this probe.
Complex formation was inhibited by an oligonucleotide (PY12) spanning the NF-1 binding site, but not by its mutant. A n adenovirus NF-1 (AdNF-1) binding site also abolished complex formation, but a mutant that did not bind NF-1 (m-Ad NF-1) was unable to compete. We used three other competitors, representing the binding sites of transcription factors EBP-1, C / E B P and TEF-1 purified from the Py core promoter and was used as a probe. Nuclear extracts from NIH 3T3 cells were used in the binding reaction. (b) A synthetic DNA probe PY12 (see Methods) for the core promoter was used. Nuclear extracts from NIH 3T3 cells were used in the binding reaction. (c) The DNA probe used is described in Fig. 2(b) , but nuclear extracts dfrom F9(UD) cells were used. Ext represents extract heated to 65 °C. (d) Assays were performed in the presence of antisera to NF-1. Preincubation of the NIH 3T3, F9 and HeLa nuclear extracts with pre-immune serum (lanes 1), or with NF-1 antibody ( l lal, lanes 2; 2 btl, lanes 3 ; 3 Ixl, lanes 4) was carried out as described in Methods. a n d a n o l i g o n u c l e o t i d e (F9 oligo) c o n t a i n i n g the sequences f r o m p o s i t i o n s 5218 to 5253 o f the Py B e n h a n c e r . B o t h C / E B P a n d 
o x -l i k e s e q u e n c e in these c o m p e t i t o r s . O t h e r c o m p e t i t o r s did n o t affect c o m p l e x f o r m a t i o n . T h e s e results suggest that a p r o t e i n o f the a d e n o v i r u s N F -1 family binds to the T G G ( N ) T C C A
sequence within the oligonucleotide PY12 to form this major complex. We next studied protein binding directly to the synthetic PY12 oligonucleotide, which contain the putative binding site of NF-1 protein in NIH 3T3 and F9 nuclear extracts. With this probe, a major complex C1 and a minor complex C2 were formed (Fig. 4b) . A minor band in the middle of the gel represents a non-specific complex. Formation of both C1 and C2 complexes was abolished with self-competition by an adenovirus NF-1 binding site. Neither a mutant of this binding site (m-PY12) nor a mutant of the adenovirus NF-1 binding site (m-Ad NF-1) was able to compete with complex formation. Binding sites of three other members of the family of CAAT box-binding proteins, C/EBP, CP1 and CP2, were not competitors for complex formation. The ability to form a complex was lost when the extract was heat-inactivated, suggesting again that this protein is different from C/EBP (Johnson & McKnight, 1989) . A similar profile of protein binding was obtained with F9 cell extracts (Fig. 4 c) , except that the C/EBP oligonucleotide partially competed with the complex at higher concentrations. These results support those of the previous binding experiment and show more clearly that a protein of the adenovirus NF-1 family binds to a sequence close to the TATA box and mediates enhancer function.
To confirm the protein binding data, DNA binding studies with the PY12 probe were carried out, in the presence of an antibody against adenovirus NF-1. Preimmune serum did not affect complex formation by nuclear extracts or NIH 3T3, F9 and HeLa cells, but NF-1 antibody generated a super-shifted complex with all three extracts (Fig. 4d) . However, complex formation was never abolished in the presence of the antibody. These results again suggest that the NF-1 family of proteins are responsible for complex formation with the PY12 probe.
Comparison of the M~s of the proteins interacting with the NF-1 site from NIH3T3 and F9 cells
In contrast to NIH 3T3 cells, the NF-I site was not important in F9(UD) cells, but the probe PY12 formed a comparable complex with the nuclear extracts from both of these cell lines. Previous reports indicate that NF-1 activity in F9 cells is undetectable or that a protein other than NF-1 can recognize the NF-1 site in F9 cell extracts (McQuillan et al., 1991; Speck & Baltimore, 1987) . We therefore compared the Mr s of the proteins bound to this site from these cell lines. An end-labelled PY12 probe was complexed with nuclear extracts from both cell lines containing equal amounts of protein. SDS-polyacrylamide gel. The results showed that the pattern of complex formation is identical in both cases (Fig. 5) . The approximate Mrs of the proteins forming a complex with this probe were in a wide range, from 46K to 60K, characteristic of the NF-1 family of proteins. The total binding activity in F9 cell extract was very low, being about 15-to 20-fold less than that in NIH 3T3 cells. This experiment clearly indicated that NF-1 family of proteins is present in F9 cells, but at very low levels.
Western blot analysis of NIH 3T3, F9 and HeLa nuclear extract
To confirm the results of the u.v. cross-linking experiments, Western blot analysis of the nuclear extracts from NIH 3T3, F9(UD) and HeLa cells was performed. Equal amounts of protein were run on an SDS-polyacrylamide gel and probed with an NF-1 antibody. The results presented in Fig. 6 have several interesting characteristics. The level of NF-1 in F9 cells is very low compared to that in the other two cell lines. The major species present in NIH 3T3, F9 and HeLa cells appear to have different Mrs. These results suggest that NF-1 is present in undifferentiated cells at a very low level, which may explain why the NF-1 site is not used efficiently to transcribe the early genes in the F9 cell line.
Effects of mutations on trans-activation by L T
Since the mutations are located within sites B and C of LT, we studied their effects on the regulation of the early promoter by LT. Under replicating conditions in the wild-type state LT is known to repress early promoters, but early promoters in the CAT constructs have been The WT or the mutant templates (5 lag) were cotransfected with 15 lag of plasmid Py LT-1 expressing LT antigen. Control plates received the equivalent amount of salmon sperm DNA. The CAT activity was determined as described in the text for the control and for cells expressing LT, from which the level of trans-activation was derived. The level of trans-activation for mutants was again normalized with respect to the WT.
shown to be trans-activated by LT (Wildeman, 1989; Coulombe et al., 1992) . This process might be a general property of LT which is utilized to trans-activate the viral late genes as well as other cellular genes (Munholland et al., 1992; Tooze, 1981) . NIH 3T3 cells were cotransfected with each mutant DNA and equal amounts or more of a vector expressing LT. The CAT activity of this extract showed that the wild-type promoter was activated by LT to levels about threefold higher than the control. The normalized value for trans-activation represented in Fig. 7 shows that the level of activation was about the same for mutants M1, M2, M3 and M5, but mutants M4 and M6 were decreased about twofold. Close inspection of DNA sequences revealed that mutations in M1, M4, M5 and M6 interrupt the LT recognition sequence G(G/A)GGC. We also performed cotransfection experiments in WOP cells, which constitutively express all three Py T antigens, by blocking DNA replication with cytosine arabinoside. The CAT activity of the mutants M1, M2, M3 and M5 was unaffected, but that of M4 and M6 was increased moderately in contrast to a decrease in the cotransfection experiments (data not shown). Our results, however, support the general notion that LT binding to sites B and C is not critically important for viral gene regulation.
Discussion
Among the papovaviruses, the promoter elements in SV40 are well characterized (Fromm & Berg, 1982; Baty et aL, 1984; , but there has been no identification of similar elements in Py. The present work is the first report of protein binding to the Py core promoter that plays a role in promoter function. We describe here evidence that the binding of the NF-1 family of proteins (Nagata et al., 1983) in close proximity to the TATA box is important for Py early gene expression. Mutations in the NF-1 sites in the TATA box-proximal region reduced the CAT activity to about 30 %. Because NF-1 binds weakly to the half sites Jones et al., 1987) , both halves were mutated in the same template. The activity of this template was equivalent to that with a single mutation (data not shown). The impaired promoter activity was also confirmed by RNA analysis from the transfected cells. Electrophoretic mobility shift analysis using the TATA proximal region as a probe detected the binding of NF-1 protein from NIH 3T3 cells to its cognate sequence. This is consistent with a previous report that NF-1 purified from HeLa cells generates a footprint on this motif in vitro . A threefold reduction in promoter activity in vivo by the inactivation of the NF-1 motif is also in agreement with that reported for two human Pys, BK and JC, and for the murine alpha-l(I) collagen gene (Deyerel & Subramani, 1988; Kumar et al., 1993; Nehls e t al., 1991) . Mutagenesis of the TATA box also resulted in a reduction of efficiency of the adenovirus major late promoter and the fibrin gene promoter in vitro by about two-to fivefold (Concino et aI., 1983 ; Hirose et al., 1984) . This is also in agreement with the data presented here.
However earlier deletion analyses led to the conclusion that the Py core promoter is not required for early gene expression (Bendig & Folk, 1979; Kamen et al., 1982; Dailey & Basilico, 1985) . The effects of large deletions are difficult to interpret as a number of elements might be removed together, or the junction may create a new element affecting viral growth. We have shown by primer extension analysis that wild-type virus and the mutants used the same start site for transcription. Although the enhancer sequences in SV40 are the major control elements for in vivo gene expression (Benoit & Chambon, 1981 ; Mathis & Chambon, 1981) , the 21 bp repeats that contain six Spl binding sites are an essential component of the early promoter both in vivo and in vitro (Fromm & Berg, 1982; Baty et aI., 1984; Gidoni et aL, 1985) . As in SV40, a difference in the sequence requirements for promoter function in vivo and in vitro was also observed for Py. A 50 bp region upstream from the cap site that includes the NF-1 motif was sufficient for early transcription in vitro Jat et al., 1982) . When viral sequences from nucleotide positions 120 to 5262, cloned in a G-less cassette, were transcribed in vitro in a HeLa cell nuclear extract, a threefold reduction in promoter efficiency was found in the presence of an adenovirus NF-1 site as a competitor. A mutant competitor that is unable to bind NF-1 did not produce this effect (data not shown).
We have shown here that F9 cells do contain NF-1 protein at a very low level, but previous studies indicated that this protein is absent from F9(UD) cells (McQuillan et aL, 1991 ; Speck & Baltimore, 1987) . The spectrum of Mrs for the NF-1 protein, both in u.v. cross-linking and Western blot experiments, is similar to that reported for purified protein (Jones et aL, 1987) . The F441 mutation that can overcome the growth restriction of the wild-type virus in F9 cells generates a sequence with strong homology to the NF-1 motif and the TEF-1 binding site Davidson et al., 1988) . We have recently shown that this sequence binds TEF-1 but not NF-1 (DasGupta et al., 1993) . In F441 mutants the upstream control elements probably interact differently at the TATA box, in the absence of adequate levels of NF-1 and the presence of TEF-1 binding.
NF-1 plays an important role in gene regulation in other human Pys, such as BK and JC, suggesting a role for this protein in Py transcription in general (Chakraborty & Das, 1989 Deyerel & Subramani, 1988; Kumar et al., 1993) . Since the NF-1 binding site is close to the TATA box in the mouse Py promoter, a direct interaction of this protein with the transcription machinery is the most straightforward interpretation of promoter activation. It has been shown that to be active in a chimeric construct, the optimal distance of the NF-1 binding site from the TATA box being about 31 nucleotides (Knox et al., 1991) . Although Western blot experiments demonstrated the presence of a low level of the NF-1 protein in F9 cells, the extent of complex formation is comparable to that observed with NIH 3T3 nuclear extract. It has been reported recently that some other proteins can also bind to the NF-1 motif in F9 cells (McQuillan et al., 1991) . However the functional role they play is not understood at present.
The sites of mutations for M3 and M5 were located within or close to the TATA box and the RNA initiation sites respectively. Although these elements were present in the probe used, a protein binding assay detected only one major complex, corresponding to the binding of NF-1. Binding of the THID factor to the TATA box is now well documented. It has been shown that a TATA box mutation causes reduced promoter activity due to the defective binding of this factor (Nakajima et al., 1988) . It is not unlikely that other basal transcription factors involved in transcription initiation can bind to the DNA sequence at the RNA initiation site. Two other sites of mutation, M4 and M6, were not found to be important for promoter function in NIH 3T3 cells, but these mutations abolished the ability of the promoter to be trans-activated by LT in cotransfection assays. Our preliminary data from WOP cells also showed that mutations in M4 and M6 affected LT trans-activation but surprisingly, instead of a decrease, the mutations caused an approximately twofold increase in the level of gene expression. It is possible that LT represses early genes only at high levels, and at low concentrations it activates early genes in the same way that it activates other cellular genes (Coulombe et aL, 1992) . As WOP cells also contain middle and small T antigens in addition to LT (Dailey & Basilico, 1985) , their roles in transactivation can not be ruled out and therefore further experiments are required to interpret these data. These results are in general agreement with the findings that LT binding sites B and C are not essential for early gene regulation (Bertin et al., 1993) . The NF-1 binding site also includes one copy of the T antigen binding motif. Our data indicate that this signal in the core promoter is utilized by the virus for promoter recognition rather than regulation. Our present mutational analyses included only a part of the core promoter, proximal to the early RNA initiation site. We have detected the binding of at least three other proteins with the distal promoter elements (data not shown). Therefore, more mutational and biochemical studies are required to define the functional anatomy of the Py early promoter.
